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Abstract In the modern forestry paradigm, many factors
influence the amount of coarse woody debris (CWD). The
present paper analyzes the effects of both local (national)
programs (special functions of forests) and European pro-
grams (Natura 2000 sites), as well as the individual char-
acteristics of forest stands. The study was conducted on
2,752 sampling plots distributed over an area of about
17,500 ha and located in lowland stands having a species
composition typical of large areas in central Europe. Na-
tura 2000 areas contained significantly more CWD
(8.4 m3/ha) than areas not covered by the program (4.8 m3/
ha). However, this is due to the fact that Natura 2000 sites
involve well-preserved forest areas, such as nature reserves
(26.6 m3/ha). In the managed forests that have been cov-
ered by the Natura 2000 program over the past several
years, the volume of CWD has not increased. Forests with
ecological and social functions differed slightly in the
amount of CWD. More CWD occurred in protected animal
areas (8.7 m3/ha) than in stands damaged by industry
(3.9 m3/ha). Intermediate CWD levels were found in
water-protection forests and in forests located around cities
and military facilities. In managed forests, the lowest CWD
volume was observed in middle-aged stands. The species
composition of the stand had little effect on the volume of
CWD. Only stands with a predominance of ash and alder
had higher CWD levels (13.5 m3/ha). More CWD was
found in stands whose species composition did not repre-
sent the potential site quality (6.4 m3/ha) than in habitats
with the optimum species composition (3.8 m3/ha). CWD
volume should be systematically increased taking into
consideration local natural conditions. Such efforts should
be focused on particularly valuable regions, and especially
on Natura 2000 sites, where the threshold values reported
from other European forests should be reached. Leaving
some trees to die naturally and retaining reasonable
amounts of such trees ought to be incorporated into CWD
management practice in Poland.
Keywords Coarse woody debris  Managed forest 
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Introduction
Due to the small overall area of unmanaged forests, it
appears necessary to conserve biodiversity in managed
forests. Coarse woody debris (CWD) plays an important
role in the functioning of forest ecosystems, while its
deficiency is considered to be one of the most important
factors in the loss of forest biodiversity (Harmon et al.
1986; Siitonen 2001; Stokland et al. 2012). Previously, in
forests fulfilling predominantly economic functions the
role of this component of the ecosystem was underesti-
mated and meticulous removal of dead trees was perceived
as a sign of concern for forest health. Currently, multi-
functional forestry recognizes the need to leave a certain
number of dead trees in forests. In the face of climate
changes that may lead to large-scale forest disturbances
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(Schelhaas et al. 2002), the risk of fire, pathogenic fungi,
and insect outbreaks, as well as with a view to ensuring
favorable environmental conditions for the development of
the biodiversity of the entire forest ecosystem, the question
arises as to the desirable amount and structure of CWD.
The influence of deadwood on saproxylic species should be
considered at different spatial scales, specifically at local
and regional or landscape scales (Lachat et al. 2013). In
their review of deadwood threshold data from European
forests, Mu¨ller and Bu¨tler (2010) revealed 36 critical val-
ues, but knowledge in this field is still small. The threshold
ranges are 10–80 m3/ha for boreal and lowland forests and
10–150 m3/ha for mixed-montane forest, with the peak
values being 20–30 m3/ha for boreal forests, 30–40 m3/ha
for mixed-montane forests, and 30–50 m3/ha for lowland
oak-beech forests.
Differences in the amount of CWD between unmanaged
and managed forests have been repeatedly investigated and
are now rather well understood (for example, Bobiec 2002;
Lombardi et al. 2008). The National Forest Inventories and
monitoring conducted in many countries now include
CWD measurements and provide increasing knowledge
about the volume, structure, and spatial distribution of
deadwood in ecosystems (Travaglini et al. 2007).
The amount and structure of CWD may be affected by
geographical location, stand age, developmental stage,
forest type, species composition, and decomposition rate
(Green and Peterken 1997; Fridman and Walheim 2000),
but these differences are not always found to hold (Bo¨hl
and Bra¨ndli 2007). Another issue is detailed identification
of CWD amount depending on different forms of man-
agement and environmental policies affecting CWD
resources. Only knowledge of these issues will enable the
creation of appropriate planning mechanisms. Some
countries are introducing long-term programs aimed at
increasing the volume of CWD, such as Sweden by 40 %
over 10 years (Anonymous 2001, quoted in Ekbom et al.
2006). Another area of research includes the different ways
of increasing CWD volume in managed forests, such as
artificial creation of high stumps, retention of wind-felled
or naturally dying trees, manual scarification at clearcuts to
avoid destruction of CWD, prolongation of the rotation
period, and retention of living trees at harvest (Larsson and
Danell 2001; Ranius et al. 2005). Models are being
developed to predict how the quantity and quality of CWD
changes during the aging of managed stands subjected to
different treatment procedures (Ranius et al. 2003).
There exist many regulations directly or indirectly
concerning deadwood management. The Forest Steward-
ship Council (FSC) requires that the amount of CWD be
increased over the longer term and that the forest managing
body should leave decomposing deadwood of various
forms and tree species in the forest. The amount of
remaining deadwood should be determined by scientific
research taking into account local conditions and spatial
variation. According to the Polish guidelines, fragments
representing 5 % of each saw timber stand should be left to
die naturally and decay (Anonymous 2012). It should also
be noted that different measures should be implemented for
different stands to achieve a higher CWD volume (Ranius
et al. 2005).
At the same time, some areas are covered by the
European Natura 2000 program, which involves the pres-
ervation of certain types of natural habitats and species
which are considered rare and endangered. The imple-
mentation of these objectives is often associated with the
creation of suitable microhabitats, such as stumps or logs,
with deadwood being one of the indicators used for
assessing the conservation status of forest habitats on Na-
tura 2000 sites (Cantarello and Newton 2008). In turn,
restrictions on the amount of CWD are included in national
legislation on forest health status (Forest Protection Man-
ual 2012). This intricate system consisting of numerous
requirements, specific stand characteristics, and forms of
protection both under national and European Union legis-
lation creates a relatively complex picture of the factors
affecting the abundance of CWD.
The presence of CWD is often considered in terms of
differences between managed and protected forests. The
objective of the present paper was to investigate the effect
of forest management on the amount of CWD in forests
fulfilling a variety of functions (water-protection, zones
around cities and military facilities, protected animal areas,
areas damaged by industrial activity), also taking into
consideration the various management requirements
imposed on different areas (managed forests, nature
reserves and Natura 2000 sites). In addition, a number of
stand characteristics (age, dominant species, site quality)
were taken into account. Suggestions for management were
also indicated. The inventory was taken mainly in managed
forests over an area representative in terms of species
composition of a vast area of central Europe. The data
presented include an analysis of a number of factors, and
may be helpful in defining priority objectives for sustain-
able and multifunctional forestry, as well as in protecting
species associated with deadwood.
Methods
Study site
Field studies were conducted in 2011 in south-western
Poland (with the center at 50310N, 18100E) on land
managed by the forest division Strzelce Opolskie, State
Forests-National Forest Holding (Fig. 1). The area was
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divided into three working sections containing 5,601 low
management blocks (stands), internally uniform in terms of
stand characteristics. The average stand size was 3.4 ha
(0.1–34.4 ha), with a total area of about 17,500 ha. The
study included stands with an age of more than 20 years,
which occupied 83 % of the area. Those were generally
pure, one-storied, and even-aged stands. The average
growing stock of the stands was about 240 m3/ha. The
predominant tree species in the area were Pinus sylvestris,
Quercus robur, Quercus petraea, Betula pendula, Fagus
sylvatica, Alnus glutinosa, Fraxinus excelsior, Picea abies,
and, less frequently, Larix decidua, Acer sp., Tilia sp.,
Robinia pseudoacacia, Carpinus betulus, Abies alba,
Populus sp., and Ulmus sp.
Types of stands
The vast majority of the area consisted of managed forests,
with a small fragment covered by nature reserves. The
research area was divided, according to a number of cri-
teria, into the following subcategories (Table 1):
A. Type of management
• Forests with predominantly economic functions—
managed forests designated primarily for timber
production. Silviculture in Poland is based on
forest management plans created every 10 years for
individual forest divisions. The amount of yield is
calculated after taking an inventory of all stands
within each division. The typical rotation periods
within the study area are: 80 years for Betula
pendula and Alnus glutinosa, 90 for Picea abies,
100 for Pinus sylvestris, 120 for Fagus sylvatica
and Fraxinus excelsior, and 140 for Quercus sp.
The method of timber cutting mainly depends on
the predominant species and habitat quality.
Because of the predominance of Pinus sylvestris
in this area, the most common method of logging is
strip clearcutting with 30 m to 60 m wide strips
and a maximum area of 4 ha.
Fig. 1 Location of the study area
Table 1 Composition of the study area: number and area of stands and plots sampled in each category










Economic functions 3,694 1,225 11,430 5,803 1,564 51.3
Ecological and social functions 1,913 722 5,920 3,631 1,118 39.9
Around cities 1,054 422 3,237 2,020 597 20.4
Around military facilities 41 14 176 116 28 0.7
Protected animal areas 76 27 242 156 60 2.6
Damaged by industry 351 130 974 584 205 7.6
Water-protection 391 129 1,291 755 228 8.6
Nature reserves 33 26 211 203 70 3.4
Total study area 5,640 1,973 17,561 9,637 2,752 94.6
Natura 2000 network
9110 125 53 432 297 114 4.9
9130 106 66 424 341 109 5.0
9170 138 67 382 277 99 4.1
91F0 60 51 381 367 150 7.3
91E0 60 21 137 71 23 0.7
Other 18 4 38 18 5 0.2
Total Natura 2000 507 262 1,794 1,371 500 22.2
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• Forests with ecological (protective) and social
functions—managed forests similar to forests with
predominantly economic functions which, due to
their location, also serve a variety of non-produc-
tive functions, both protective and social (Anony-
mous 1991). Depending on the function, these
forests are characterized by the absence of clear-
cutting, prohibited use of chemicals, temporary
protection areas for animal species, and an
extended rotation period if logging could bother
animals or if clearcutting a large area could change
hydrological relations in a given area. Some of the
practices in such forests follow only general
guidelines and the forestry procedures applied can
differ between particular cases. In the study area,
the following forest types occur:
• areas around cities—these exist within the
administrative boundaries of cities and up to
10 km from the boundaries of cities with more
than fifty thousand residents; timber use is
limited and clearcuts are avoid, especially near
buildings and roads;
• areas around military facilities—in locations
such as military training grounds;
• protected animal areas—locations where pro-
tected animals are to be found. In the study
area, such zones were designated around Ha-
liaeetus albicilla and Ciconia nigra nests.
These species are protected by two circular
zones around their nests. The first one is species
dependent and is 100 m in diameter for Ciconia
nigra and 200 m in diameter for Haliaeetus
albicilla, and the second one is 500 m in
diameter for both species. Foresting activity is
prohibited throughout the entire year in the
former case, and during the breeding season in
the latter. The zones are marked off with
information boards. These protection zones
may be cancelled only if the raptors perma-
nently abandon their sites, following in-depth
field assessment. Even if the nest is destroyed,
the protection zone should still be maintain if
the birds are still being sighted in that area,
until a new nest is located. Over the time when
the nest is there, the volume of deadwood can
increase, especially in the former circular zone;
• areas damaged by industry—these stands are
permanently damaged a result of the gasses and
dust emitted by industrial facilities, leading to a
25 % loss of foliage and tree crown deforma-
tion. Within the study area and in its immediate
vicinity there are many cement, nitrogen
fertilizer, chemical, foundry, and mining facil-
ities. In 2010, the level of air contamination
with PM10 (particulate matter 10) on most
measurement sites in this region exceeded the
permissible limits. The concentration of ben-
zo(a)pyrene determined in particulate matter
was considerably higher than the limit (1 ng/
m3);
• water-protection forests—these forests protect
surface water and groundwater resources, and
regulate hydrological relations in the catchment
and watershed areas. There, clearcuts are lim-
ited and replaced mainly by patch cuts or only
one strip of clearcut is made per decade instead
of several.
• Nature reserves—in total, in the studied area there
are 6 forest reserves protecting areas of special
natural value, the oldest of which was established
in 1958 (13.6 ha), 3 more in 1997, and the
remaining ones in 2000 and 2001. In those reserves
the predominant tree is beech, and in some places
linden, pine, and alder. These forest stands are
generally over 130–140 years old, but contain
small fragments of younger stands. Some rare
species have been found there, such as Cephalan-
thera damasonium, Corallorhiza trifida, Cephalan-
thera rubra, Lilium martagon, and Sorbus
torminalis. In the reserves, forest management
practices have not been abandoned. In some small
areas, the composition of tree species has been
changed to natural potential vegetation. In others,
management activity has been focused on protect-
ing rare species. In such cases, living trees can be
cut and moved outside the reserves. Some dead-
wood is likely to be removed as well during such
procedures.
B. Natura 2000 network
Some managed forests and almost the entire area of the
nature reserves are included in the Natura 2000 network. In
total, there are four such areas with a total forest area of
1794 ha (Table 1). The main communities are: 9110 Luz-
ulo-Fagenion, 9130 Dentario glandulosae-Fagenion, Ga-
lio odorati-Fagenion, 9170 Galio sylvatici-Carpinetum
betuli, Tilio cordatae-Carpinetum betuli, 91F0 Ficario-
Ulmetum minoris, 91E0 Salicetum albo-fragilis, Populetum
albae, and Alnenion glutinoso-incanae.
C. Forest stand species composition and potential site
quality
Additional criteria for the division of stands were forest
stand species composition and potential site quality in the
1098 Eur J Forest Res (2014) 133:1095–1107
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management blocks (stands) (Manual of Forest Manage-
ment 2003). For each management block, the optimal
species composition of forest stands was determined,
mainly based on soil properties and the ecological
requirements of the species present in the stand. On this
basis, three types may be distinguished:
• forest stand species composition represents the (local)
potential site quality (potential natural vegetation,
biodiversity)—such stands, fully utilizing the produc-
tion capacity of the habitat rather than degrading it,
occupy 44 % of the area;
• forest stand species composition partly represents the
(local) potential site quality—these are stands that do
not take full advantage of the habitat, but have no
degrading effect (they occupy 42 % of the area);
• forest stand species composition does not represent the
(local) potential site quality—these stands are deemed
to have a degrading effect on the habitat (they occupy
14 % of the area).
Sampling plots
The entire set of sampling plots comprised of stands over
20 years old, with an average height of the dominant species
of at least 7 m. The choice of stands for analysis was made
using a statistical method with layers (groups of stands with
the same dominant species and age class (21–30 years,
31–40,… , more than 100 years; 100–120, …). Layers with
an area of less than 30 ha were merged with other layers
containing similar species. In the first case, the number of
sampling plots was calculated on the basis of formula (1),
used for each working section separately. In three working
sections, the total number of circular plots was 2,752,
depending on the age of the stand, ranging from 50 to
500 m2. Subsequently, the total number of plots was divided
according to age class. The number of plots in each age class
was calculated on the basis of formulas (2) and (3). Finally,
for each layer the number of sampling plots was calculated
using formula (4) (Manual of Forest Management 2003).
Next, the locations of plots within the stands were ran-
domly selected. The entire area of each working section was
covered by the nodes of a grid formed by 100 9 100 m
squares (if necessary, 50 9 50 m). Each node was the
potential center of a circular sampling plot. The random
distribution of sampling plots in each layer was obtained
using the Taksator software. Subsequently, the plots were
divided according to the studied characteristic of the stands.
Np ¼ 400 þ A
50
þ 1000  p
A
ð1Þ
where: 400—is the minimum number of sampling plots, for
which the double standard error of volume of the working
section should not exceed 5 %; A—is the total area of all
the stands being measured (ha); p—is the total area (ha) of
stands of different species composition and age structure
(not pure, one-storied and even-aged stands).
M ¼ Np  2L ð2Þ
ni ¼ ai  wiP ðai  wiÞ  M ð3Þ
where: L—number of layers; i—the next age class (21–30,
31–40,…); n—number of sampling plots in the i age class;
a—share of the i age class in total area (%); w—median of
i age classes (25, 35,…)
k ¼ bP
bj
 n þ 2 ð4Þ
k—number of sampling plots in the layer; n—number of
sampling plots in the age class which the layer belongs to;
b—area of the layer;
P
bj—total area of all the layers in the
age class.
Characteristics of stands and estimation of CWD
volume
Both living and dead trees were measured. In the case of
living trees (with DBH C 7 cm), height and diameter at
breast height were measured, and in the case of deadwood,
measurements depended on its position and type (Table 2).
Stand characteristics were specified for the each manage-
ment block (age, dominant species, how species composi-
tion represents potential site quality) (Manual of Forest
Management 2003).
Table 2 Deadwood type definitions
Deadwood type Position Characteristics and minimum
thresholds for measuring
deadwood objects
Entire dead trees Standing Entire trees that died standing
(dbh C 7 cm)
Snags Standing Snapped trees with a stump
height C1.3 m (dbh C 7 cm)
Uprooted trees Fallen Wind thrown trees with exposed
root plates (dbh C 7 cm)
Cutting fragments Fallen Different cutting fragments of
trees left in the forest (diameter
at the larger end C10 cm,
deadwood thinner than 7 cm in





Fallen Fallen pieces of a trunk or large
branches, etc. (diameter at the
larger end C10 cm and length
C10 cm, deadwood thinner than
7 cm in diameter was not taken
into account)
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To determine the total volume of standing dead trees,
tree tariff tables were used for measuring height and
diameter at breast height, according to the species (Czuraj
1998). The volume of snags, cut trees, fallen fragments,
and uprooted trees was calculated on the basis of Huber’s
midsection Eq. (5) (Grochowski 1973):
v ¼ g0;5  l ð5Þ
where: g0,5—cross-sectional area at the center of the
measurement fragment,l—the length or height of the
fragment.
Data analysis
The area was divided into a number of small, internally
uniform management blocks in terms of stand character-
istics. Each stand was assigned a number of characteristics
that were used for analysis, that is, the dominant tree
species, stand age, management type, species composi-
tion, potential site quality, the average volume of CWD
and living trees. Comparison of CWD volume was based
on selected characteristics of the stands being studied.
Differences between groups were determined by analysis
of variance and Student’s t test. To describe the rela-
tionship between the average CWD volume [m3/ha] and
the average ratio of CWD volume to the volume of living
trees [%] in particular age classes, linear, exponential,
quadratic, logarithmic, and power functions were ana-
lyzed. Subsequently, the function with the highest coef-
ficient of determination was applied to each such
relationship and linearized nonlinear regression was used
to check the statistical significance of the function. The
species found to be dominant in the stand presented the
full age range under analysis (21–30, 31–40,…), with the
last class being 100–120 years. Exceptions here were
birch (not more than 90 years old) and beech—mostly
over the age of 50 years. There were also several older
oak stands, but they did not represent a significant share
in the study area. For analysis, the medians of 10-year age
classes (25, 35, …, 95 years) and 110 years were adopted.
Only managed forests were analyzed because nature
reserve stands did not differ in terms of age (most of them
were over 100 years old). Statistical analyses were con-
ducted in STATISTICA version 9.0.
Results
Type of forest management
The average volume of CWD in the entire study area was
5.5 m3/ha (Table 3). The share of individual types of CWD
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found for uprooted trees and entire dead trees, while the
lowest for snags. Standing deadwood represented 38 % of
CWD, and fallen deadwood—62 %.
Much more CWD was found in stands protected as
nature reserves (26.6 m3/ha) than in managed forest stands
(about 5 m3/ha, ANOVA F = 39.6, p \ 0.001). Both for-
ests with predominantly economic functions and forests
with ecological (protective) and social functions exhibited
a similar amount of CWD. Regardless of the type of for-
estry management practices, fallen deadwood was the
dominant form of CWD.
Natura 2000: a network of protected areas
Forests not included in the Natura 2000 network had a
CWD volume of 4.8 m3/ha (Table 4). Compared to Natura
2000 sites located only in managed forests (5.5 m3/ha), the
difference was not significant (Student’s t = 0.82,
p = 0.41). However, after including nature reserves in the
analysis, a statistically significant difference was found
(t = 3.56, p \ 0.001). In this case, the volume of CWD for
Natura 2000 areas increased to 8.4 m3/ha.
Individual habitats were also compared, but no statisti-
cal differences were identified in the case of managed
forests (ANOVA F = 0.83, p = 0.50). However, after
including nature reserves in the analysis (only habitats
9110 and 9130 were within reserves from Natura 200
sites), a significant difference was observed between these
above-mentioned habitats (ANOVA F = 2.68, p \ 0.05).
Forests with ecological (protective) and social functions
The volume of CWD in forests with different functions
ranged from 3.9 m3/ha to 8.7 m3/ha (Fig. 2). The differences
were almost statistically significant (ANOVA: F = 2.35,
p = 0.05). Differences were found between forest stands
damaged by industry and protected animal areas (Tukey test,
p = 0.048). In stands damaged by industry and in water
protection areas, standing CWD was predominant, whereas
other areas were dominated by fallen CWD.
Dominant tree species in management blocks (stands)
Managed forests (nature reserves not included) exhibited
differences between forest stands depending on the domi-
nant species (ANOVA: F = 8.64, p \ 0.05). These dif-
ferences resulted from high CWD levels in stands
dominated by ash and alder, characterized by an average
volume of 13.5 m3/ha, which differed significantly from
other stands. In stands with a predominance of pine, beech,
birch, spruce, or oak, CWD volume was about 4–6 m3/ha
(Fig. 3). The share of standing CWD ranged from 22 % for
Betula to 61 % for Quercus.
Table 4 Volume of CWD in areas covered and not covered by Natura 2000
Natura 2000
habitats













Est. SE Est. SE Est. SE Est. SE Est. SE Est. SE
No 1.59 0.12 3.25 0.25 4.84a 0.28 1.59 0.12 3.25 0.25 4.84a 0.28
Yes 3.69 0.78 1.76 0.32 5.45a 0.85 4.34 0.94 4.07 1.23 8.41b 1.71
9110 2.99 2.74 2.70 1.12 5.70z 3.05 6.23 3.46 12.25 5.21 18.48z 6.98
9130 1.95 1.40 0.73 0.23 2.68z 1.42 2.33 1.11 1.40 0.71 3.73y 1.36
9170 2.26 0.64 2.53 0.82 4.79z 1.05 2.26 0.64 2.53 0.82 4.79yz 1.05
91E0 3.32 1.52 4.35 1.79 7.67z 2.40 3.32 1.52 4.35 1.79 7.67yz 2.40
91F0 6.05 1.43 0.88 0.30 6.93z 1.46 6.05 1.43 0.88 0.30 6.93yz 1.46
Est., average; SE, standard error. Figures marked with different letters differ significantly, post hoc Tukey test p \ 0.05. Four separate analyses
were conducted (in bold)
Fig. 2 CWD volume in forests with ecological (protective) and
social functions. Different letters mean that total CWD differs
significantly, post hoc Tukey test p \ 0.05
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Forest stand species composition and potential site
quality
On average, the highest levels of CWD were found in those
stands (excluding nature reserves) where species composition
did not represent the (local) potential site quality (6.4 m3/ha)
or represented it only to some degree (5.8 m3/ha). There was
less CWD in those stands representing the (local) potential
site quality (3.8 m3/ha). Significant differences were found
between forest stands containing species representing the
potential site quality and those representing it partly or not
at all (ANOVA F = 7.87, p \ 0.001). The volume of
standing deadwood was similar across those stands, at
about 2 m3/ha; greater variation was found for fallen CWD
(Fig. 4).
CWD as a function of stand age
The impact of stand age was analyzed excluding nature
reserves, which were considerably different from the other
stands and did not vary in terms of age. The volume of
CWD for all species together as a function of the age of the
forest stand shows a statistically significant polynomial
curve of the second degree (R2 = 0.64, p \ 0.05). The
shapes of curves were similar for all species; the minimum
occurred in stands of younger and middle age classes. This
relationship, however, was only statistically significant for
Betula (R2 = 0.89, p \ 0.05) (Fig. 5).
A similar relationship, but not statistically significant,
was exhibited by the ratio of CWD volume for all species
to the volume of living trees (R2 = 0.57, p = 0.08).
However, the minimum was shifted towards older stands
(60–80 years) (Fig. 6).
Discussion
CWD volume
The amount of CWD in the forest depends on the amount of
deadwood supplied to the ecosystem and the rate of its
decomposition. For a given species, this may vary consid-
erably because the process is determined by many factors
(Rock et al. 2008). In the study area, the average volume of
the various forms of CWD was 5.5 m3/ha, with fallen
deadwood accounting for 62 %. Considering managed
forests alone, CWD volume was close to 5.0 m3/ha. These
results are consistent with the currently existing volume of
CWD across European forests and are very close to the
average for the whole of Poland, where in 2005–2009
CWD volume was determined to be 5.7 m3/ha, of which
fallen deadwood accounted for nearly 60 % (Anonymous
2010). Higher CWD levels have only been observed in
mountain forests. There, the average CWD volume is
generally greater, which is associated with the higher
growing stock of stands, more difficult accessibility, and
the presence of the Carpathian National Parks (Czerepko
2008). The results presented in this study are similar to
those reported from Scandinavia. The average volume of
deadwood on managed productive forestland in Sweden
was estimated to be 6.1 m3/ha. Of the total deadwood
volume, 73 % consisted of logs and 27 % of snags (Frid-
man and Walheim 2000). Compared with Polish unman-
aged forests and primeval forests, the presented data are
Fig. 3 CWD volume by the dominant species in the stand. Species
marked by different letters differ significantly in total CWD, post-hoc
Tukey test p\0.05. The tests do not take into account other species.
(B.p - Betula pendula, F.e - Fraxinus excelsior, A.g - Alnus glutinosa,
F.s - Fagus sylvatica, P.a - Picea abies, P.s - Pinus sylvestris, L.d -
Larix decidua, Q – Quercus sp. Other species occuring sparsely in the
studied area: Carpinus betulus, Robinia pseudoacacia, Acer sp, Tilia
sp, Populus tremula,Ulmus sp.)
Fig. 4 CWD volume by species and potential site quality. Different
letters mean that total CWD differs significantly, post hoc Tukey test
p \ 0.05
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much lower, as in other studies CWD volume was close to
200 m3/ha in stands with a predominance of beech, about
150 m3/ha for upper subalpine spruce forests, and about
100 m3/ha for riparian forests (e.g., Holeksa 1998; Jawor-
ski and Paluch 2001; Bobiec 2002; Zielonka 2006; Ja-
worski and Podlaski 2007). Nature reserves in the study
area were found to have a lower CWD volume, and thus
poorly supported the biodiversity of saproxylic species
(Mu¨ller and Bu¨tler 2010), which may be associated with the
fact that most of them were established in the past 15 years,
and this has been shown to have a significant influence on
the amount of CWD (Christensen et al. 2005). Furthermore,
forest management is not entirely abandoned in nature
reserves, and it is likely that some CWD is removed during
different management practices.
In the stands under investigation, there appeared to be
little connection between the predominant tree species and
CWD volume. This may be due to the use of similar
Fig. 5 The relationship between total CWD volume and stand
agePinus / Larix - R2 = 0.30, p [ 0.05; Betula - R2 = 0.89, p \
0.05; Quercus - R2 = 0.35, p[0.05, Picea - R2 = 0.43, p[0.05; all
species together in the study area R2 = 0.64, p \ 0.05. The R2 of
functions analyzed for Fraxinus / Alnus was close zero thus the curve
is not shown. Quercus - exponential curve; other relationships 2nd
order polynomial
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sanitary regimes regardless of species in managed forests.
It is expected that such variation occurs temporarily in
various stands in the presence of biotic or abiotic factors.
CWD accumulation will thus be the result of the suscep-
tibility of different species to disturbances. In the study
area, only stands containing ash and alder were charac-
terized by a higher accumulation of CWD. This may be
linked to the observed dieback in ash stands, which has
been found to be increasing in many Polish forests since
1992 (Kowalski 2006). The non-removal of dead trees may
also be associated with wetland habitats in those stands.
It has been found that site quality influences the accu-
mulation and overall abundance of CWD in the later stages
of forest development (Sturtevant et al. 1997). However,
interesting information is afforded by a comparison of
stands in terms of species adaptation to habitats. Species
composition carefully selected to match forest habitat
conditions creates optimal conditions for the growth and
development of particular tree species. Those stands where
species composition corresponds to the potential site
quality have a small CWD abundance, lower than the
average for the entire area. This may be due to the
improved health of such stands, lower susceptibility to
biotic factors, and rarer deaths of trees on those sites prior
to cutting age. At the same time, it may be assumed that the
greater volume of CWD seen in managed forests does not
result from planned actions, but rather from poor man-
agement practices in previous decades.
Tree stand age
One reason for the greater volume of CWD in nature
reserves, in addition to the absence of forestry practices, is
the age of those stands. Almost all nature reserve stands are
more than 100 years old, while managed forests represent
the full age range under study (stands older than 20 years).
The lowest CWD volume in managed forests is observed in
middle-aged stands (30–70 years old). Silvicultural prac-
tices play a key role in the early occurrence of deadwood
(Lombardi et al. 2008). Due to logging residues, in the
youngest stands CWD volume can be initially greater than
in middle-aged, or even the oldest, stands. However, a
rapid decrease in CWD volume was observed in the years
immediately following the harvest. This results from the
rapid decay rates of logging residues, which are dominated
by thin wood (Moroni and Ryan 2010). In turn, in older
stands CWD volume may be subject to higher increments,
for the death of even a single thick tree causes a consid-
erable accumulation of CWD. In mature stands, distur-
bances not only lead to an increase in the volume, but also
in the structural diversity, of CWD (Sturtevant et al. 1997).
In their study of a near-natural deciduous forest in central
Germany, Holzwarth et al. (2013) were able to elucidate
the frequently described U-form of the size (and also age)
dependency of mortality as a combined product of different
mechanisms related to distinct mortality modes. The
reported results suggest that each mortality mode is pre-
valent in different stage of life-history: small trees die
mostly standing or being crushed, medium-sized trees have
the highest chance of survival, and very large trees expe-
rience increased rates of mortality, mainly by uprooting or
snapping.
Regression curves with minima in middle-aged stands
have also been reported in other studies (Ranius et al. 2003;
Ekbom et al. 2006). The shape of the curves also depends
on the species—in fast-growing species of lower cutting
age (e.g., Betula pendula), the minimum occurred earlier
than in others (e.g., Picea abies). Therefore, the average
pattern for the entire study area is largely determined by
the most widespread species, that was, Pinus sylvestris.
Also, the rate of decomposition has an effect on the course
of the curve, because rapidly decaying logging residues
disappear sooner. In Boreal Newfoundland it has been
found that CWD in stands[50–60 years is not residual, but
primarily generated from regenerating tree structure
(Sturtevant et al. 1997).
As a result of silvicultural practices, often based on
specific guidelines, the ratio of CWD volume to the vol-
ume of living trees seems to be a better indicator in
managed forest than in unmanaged forest. The ratio of
dead to living wood varied greatly between the beech
forest reserves studied by Christensen et al. (2005), so the
amount of CWD cannot be determined by simple corre-
lation and is often related to regional variables. In this
study, the overall proportion changes with stand age and
has the shape of a parabola with a minimum of 1.5 % at
about 70 years.
Fig. 6 Volume of living trees and the ratio of CWD volume of to the
volume of living trees by stand age classVolume of living trees - R2 =
0.98, p\0.001; volume of CWD / volume of living trees - R2 = 0.57,
p = 0.08, both curve 2nd order polynomial
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Ecological and social functions of forests and Natura
2000 areas
The amount of deadwood in Natura 2000 areas is affected
by past forest management practices (Lombardi et al.
2012). The greater amount of deadwood in the Natura 2000
areas studied is thus associated with the fact that these
areas include nature reserves. In managed forests covered
by the Natura 2000 program, CWD volume has changed
only modestly so far. Natura 2000 is a relatively new
project in this part of Europe, having been introduced in
2004. Besides, the program focuses on the maintenance of
certain types of natural habitat and species without speci-
fying how to treat microhabitats (including those formed
by the different types of CWD).
Another interesting issue is the different functions ful-
filled by managed stands. In Polish forests this is a statutory
requirement, but nowadays in many countries managed
forests are not treated as strictly timber-producing. This
results from the fragmentation of forest areas and their
various surroundings, often urban and industrial, fulfilling
water and soil protection functions or providing protection
to rare species. The average CWD volume in forests with
ecological (protective) and social functions does not differ
from forests with dominant economic functions. This is,
amongst others, due to those very reasons why protection
and socially important forests were assigned their functions.
Analysis of the various forest functions reveals some dif-
ferences, with the average amount of CWD being greater in
stands containing protected animal areas. In turn, the lowest
CWD volume is found in areas around cities and in stands
damaged by industry. CWD volume is not much higher in
water-protection forests, while more CWD is present in
forests around military facilities. It is difficult to determine
the causes of the above patterns because the various forest
functions are not accompanied by guidelines for the man-
agement of CWD, which often depends on the individual
opinion of forest managers in a given area. The lower CWD
volume in forests damaged by industry and those around
cities may be the consequence of increased sanitary regimes
in those stands or the removal of deadwood from stands
characterized by a greater presence of people. The opposite
factors may result in a greater amount of CWD in protected
animal areas, where some management practices are
abandoned so as not to disturb the species that have been
assigned special protection zones around nests. Also, lower
activity in areas such as those around military facilities may
lead to a higher average CWD volume there.
Concluding remarks
There are no rules defining the management of CWD in
managed forests aside from those contained in the FSC
guidelines. The application of those principles would
considerably increase the amount of CWD, even in heavily
managed forest landscapes. This, however, is a long-term
process and it would take more than a 100 years to achieve
the desired deadwood levels (Ranius and Kindvall 2004).
Attempts to increase CWD in some other countries are
bringing the desired effects (Bo¨hl and Bra¨ndli 2007). A
study has shown that CWD volume in forests with ‘‘new’’
forest clearcut stands was by about 50 % higher (14.2 m3/ha)
than that in forests with ‘‘old’’ managed clearcuts (9.3 m3/ha)
(Ekbom et al. 2006). Still, not all methods proposed in the
literature would be applicable. The adoption of a number of
different measures to increase CWD in managed forests, as
prescribed by certification standards today, is a valid con-
cept, but for it to be cost efficient the focus should be on
different measures in different parts of the country. Studies
have also indicated that the creation of high stumps is an
economical method of increasing the amount of CWD,
while prolonging the rotation period is the most expensive
way of increasing CWD (Ranius et al. 2005). In Poland, the
creation of high stumps is limited due to the prevalent use
of manual chain saws for felling. Currently, only about 5 %
of the timber volume harvested from state forests is felled
with the help of multi-function machines (Długosiewicz
and Grzebieniowski 2009). Another method, which is now
under investigation, appears noteworthy. It has been found
that it is always inexpensive to retain reasonable amounts
of naturally dying trees, and in central and northern Swe-
den it is more economical to retain them than to harvest
them (Ranius et al. 2005). Thus, leaving some trees to die
naturally should also become part of CWD management
practices in Poland.
Another issue is the spatial distribution of deadwood.
CWD is often analyzed in terms of mean levels, but it
would be advisable to increase its volume in some areas
which are deemed important for biodiversity at the expense
of other sites, to maintain a given average CWD level.
Such crucial areas include Natura 2000 sites and ecological
corridors. Furthermore, protected animal areas could be
used to complement the above-mentioned practices, as
CWD volume is already high there, but such areas account
for only a small proportion of the total area under study.
This is consistent with the review paper on threshold CWD
values by Mu¨ller and Bu¨tler (2010) and their conclusion
that it is necessary to establish several forest stands with
deadwood volume [20–50 m3/ha in the forest landscape
rather than aim at a lower mean CWD volume in all stands.
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